traits including plant height (PH), ear height (EH), anthesis-silking interval (ASI), ear weight (EW), cob weight (CW), 100-kernel weight (KW), and ear length (EL) generally are easier to measure than GY and show a higher heritability. Thus, these traits may be more suitable for improving maize selection response to drought conditions (Nikolic et al., 2011; Xue et al., 2013) . Using ASI, the CIMMYT (Ertiro et al., 2017) has identified many germplasms to develop varieties for drought tolerance. Therefore, these secondary traits may be used to study the effects of drought stress on maize and to identify underlying functional genes (Messina et al., 2011) . Recent studies have found many quantitative trait loci (QTLs) corresponding to secondary traits under drought stress (Rahman et al., 2011; Sabadin et al., 2012; Almeida et al., 2013 Almeida et al., , 2014 Zhang et al., 2016) . The genetic mechanism of drought tolerance remains poorly understood. However, QTL mapping results differ because of several factors, including unique segregation in certain genetic backgrounds, population types, population sizes, and phenotyping environments (Welcker et al., 2007; Farfan et al., 2015; Huo et al., 2016) .
A meta-QTL (mQTL) analysis can be used to combine different experimental results in a single study. Moreover, at the QTL level, the mQTL analysis can detect the QTL on the same linkage group from different mapping populations of different traits and can lower the confidence interval (CI) of the QTL to identify more effective candidate genes (Goffinet and Gerber, 2000) . Thus far, few mQTLs for secondary traits have been identified in maize under drought stress Hao et al., 2010; Semagn et al., 2013) . Li et al. (2005) used a meta-analysis to identify 79 mQTLs for 23 secondary traits across 17 populations under water-stressed conditions. MYB (v-myb avian myeloblastosis viral oncogene), basic region/leucine zipper (bZIP), and dehydration responsive element binding (DREB) transcription factors and a number of functional genes of the LEA (late embryogenesis abundant protein) family were abundant in these mQTL regions. Hao et al. (2010) used a meta-analysis to validate six mQTLs for GY across three populations under drought stress. Semagn et al. (2013) identified 68 mQTLs for ASI and GY across 18 populations under drought and nondrought conditions, with each mQTL consisting of 5 to 926 candidate genes. This integration and meta-analysis of QTLs for secondary traits aids the understanding of the molecular mechanism of drought tolerance, which may be used to speculate the possible genetic locations of candidate genes for drought tolerance.
Our objectives in this study were to identify QTLs for PH, EH, ASI, EW, CW, KW, and EL in two F 2:3 populations under four well-watered and four water-stressed conditions. We then used these QTLs to validate any corresponding mQTLs among 26 distinct QTL mapping experiments that included 90 different watering conditions. By combining these experiments, we hoped to identify hot spots and areas of colocalization across experiments.
MATERIALS AND METHODS

Genetic Materials
The population LTpop consisted of 202 F 2:3 family lines of the cross Langhuang ´ TS141 and the population CTpop consisted of 218 F 2:3 family lines of the cross Chang7-2´ TS141. We used these populations in a QTL analysis to evaluate seven agronomic traits under eight different watering conditions. We chose the parents from contrasting drought tolerance and germplasm groups (Peng et al., 2014; Zhao et al., 2017) . Wu et al. (2014) and Peng et al. (2014) found that the strong drought-tolerant inbred lines Langhuang and Chang7-2 originated from the Tangsipingtou group. We used these lines as female parents and derived the drought-sensitive inbred line TS141 from the Reid yellow dent germplasm for use as the common male parent.
Field Experiments and Trait Evaluation
We evaluated the LTpop and its two parents at Wuwei (37.97° N, 102.63° E; 1508 m asl; sand-loam) and Zhangye (38.83° N, 106 .93° E; 1536 m asl; sand-loam), China, in 2014. We simultaneously measured the CTpop and its corresponding parents at Gulang (37.67° N, 102.85° E; 1785 m asl; sand-loam) and Jingtai (37.18° N, 104.03° E; 1640 m asl; sand-loam), China, in 2015. We recorded weather data at the four experimental sites (Wuwei in 2014 , Zhangye in 2014 , Gulang in 2015 , and Jingtai in 2015  Fig. 1). The mean rainfall at the four experimental sites during the growing seasons (from April to September) was 23.3, 19.2, 29.3, and 27 .3 mm, and the mean temperatures were 17.3, 16.8, 18.5, and 17.9°C, respectively. The annual evaporation capacities were 2021, 2048, 2292, and 3038 mm, and the annual rainfall was 157, 137, 214, and 185 mm, respectively. The annual ³10°C active accumulated temperatures were 3003, 2915, 2985, and 3038°C, and number of annual frost-free days was 150, 157, 140, and 141 d, respectively. At Wuwei, Zhangye, Gulang, and Jingtai, both water-stressed conditions and well-watered conditions were conducted. Each field consisted of a randomized complete block design with three replicates. In each plot, a single F 2:3 family line was planted in one row that was 6.0 m long and 0.6 m wide, with a total of 20 plants at a density of 55,580 plants ha −1 . Plastic film (0.08 mm thick, 120 cm wide) was laid out by hand over the fields and covered the soil surface. The plants were irrigated by drip irrigation. Water-stressed plants were not irrigated from the beginning of the expected V18 stage to the end of expected R1 stage, although plants were irrigated at 20-d intervals in other developmental stages. Plants under well-watered conditions were irrigated when rainfall was insufficient. During the V18 stage, the silks from the basal ear ovules elongate first, and brace roots (aerial nodal roots) grow from the nodes above the soil surface to sustain the plant and help with water and nutrient uptake during the reproductive stages. During the R1 stage, the silks are visible outside the husks; the silks capture the pollen that falls from the tassel, and the captured pollen grain moves down the silk to the ovule, where pollination occurs (Ritchie et al., 1997) . Lack of moisture from the beginning of the V18 stage through the R1 stage can cause poor pollination and kernel set. number of environments. We calculated the genetic correlation coefficients (r g ) as follows (Lynch, 1999) :
where COV gxy is the covariance between x and y traits, and 2 gx s and 2 gy s are the genetic variance of x and y, respectively.
Genetic Maps Construction and QTL Analysis
We extracted the total genomic DNA from young leaves of F 2 individuals and their parents as described by Saghai-Maroof et al. (1984) , and we performed polymerase chain reaction (PCR) and amplified product visualization as described by Peng et al. (2016) . We screened out 213 polymorphic simple sequence repeats (SSRs) from 872 SSRs across the maize genome (Harper et al., 2016) between Langhuang and TS141, and we screened out 217 SSRs from between Chang7-2 and TS141. These were used to develop the genetic maps with JoinMap version 4.0 ( Van-Ooijen, 2006) . The Kosambi map function was used to calculate the genetic distances (cM).
We employed composite interval mapping to map the QTLs and estimate the effects using Windows QTL Cartographer software, version 2.5 (NCSU, 2012). For composite interval mapping, we used Model 6 of the Zmapqtl module to identify QTLs. The window size was 10 cM, and the cofactors were selected with forward and backward regressions with in and out thresholds at a P-value of 0.05. We estimated a genomewide critical threshold value for an experimental type I error rate of 0.05 using 1000 random permutations. The genetic action of each QTL was estimated by Stuber et al. (1987) as follows: additive (|dominance/additive| = 0.00?0.20); partial For LTpop, CTpop, and their parents, ASI (number of days between 50% pollen shedding and 50% silking) was recorded in a single plot. We chose 10 consecutive plants after flowering from the middle of each plot to evaluate PH (height from the ground surface to the tassel tip) and EH (height from the ground surface to the node bearing of the highest ear). We then harvested the corresponding plants from each plot and subsequently air dried the plants to measure EW (weight per ear, including the cob), CW (weight per cob on a fine scale), KW (100 kernels randomly chosen from the bulked kernels), and EL (length per ear, including the bald head). We calculated the rate of change (RC) of each trait under water-stressed condition as follows (Zhao et al., 2018) :
where T S is the trait under water-stressed conditions, and T W is the trait under well-watered conditions. We performed basic statistics and Pearson correlation analysis on the phenotypic data from each watering condition. We used the general linear model for univariate (GLM-univariate) to conduct an ANOVA (Yang et al., 2015) , which we employed to evaluate the total and residual variances among F 2:3 populations for each trait. We performed all analyses using the SPSS Statistics 19.0 (IBM Corporation, 2010). We calculated broad-sense heritability (H 2 ) as follows (Knapp et al., 1985) : s is the genotype ´ environment interaction variance, s 2 is the error variance, r (r = 3) is the replication number in each trial, and n (n = 2) is the dominance (|dominance/additive| = 0.21?0.80); dominance (|dominance/additive| = 0.81?1.20); and overdominance (|dominance/additive| > 1.20). We assigned the name of the QTL by modifying the nomenclature of McCouch et al. (1997) . If we detected QTLs for different traits within the same marker interval or their CI overlapped, we assumed that the corresponding loci were common QTLs with pleiotropic effects. The QTLs repeatedly detected in one or two F 2:3 populations across more than two different water-stressed conditions were considered stable QTL (sQTL) for drought tolerance.
Consensus Map Development and Meta-QTL Analysis Table 1 gives QTL mapping information from two QTLs identified in our study and another 24 original QTLs for PH, EH, ASI, EW, CW, KW, EL, and GY under 52 well-watered and 38 water-stressed conditions from the China National Knowledge Infrastructure (CNKI, http://www.cnki.net), the Maize Genetics and Genomics Database (Harper et al., 2016) , and the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). This information included the original chromosome positions, logarithm of odds score, CI, and proportion of phenotypic variance (R 2 ). Additionally, we constructed the consensus map using BioMercator version 4.2 (Sosnowski et al., 2012) and compared this map with the reference map IBM2 2008 Neighbors Map Frame 6 ( Jiao et al., 2017) . When the CI for QTL position was not available in a publication, we estimated a 95% CI as follows (Darvasi and Soller, 1997) :
where N is the size of the mapping population, and R 2 is the phenotypic variance. Equation [4] is appropriate for both backcross and F 2 populations. Equation [5] is appropriate for recombinant inbred lines. After we identified the QTLs in the original populations with a homothetic function and successfully projected the QTLs on the consensus map, we used algorithms for meta-analysis to estimate the number, position, and Akaike information criterion at a 95% CI of the mQTLs with BioMercator version 4.2. To identify the candidate genes, we projected the mQTLs on the physical reference map B73 RefGen_v2 (Irizarry et al., 2003) .
RESULTS
Analysis of Seven Agronomic Traits
We studied the differences in PH, EH, ASI, EW, CW, KW, and EL across three parents (Langhuang, Chang7-2, and TS141) and two F 2:3 populations (LTpop and CTpop) under water-stressed and well-watered conditions and provided phenotypic data for QTL mapping. Under water-stressed conditions, PH, EH, EW, CW, KW, and EL displayed significant reductions in Langhuang, Chang7-2, TS141, LTpop, and CTpop. Anthesis-silking interval, however, showed a significant increase. Further analysis demonstrated that drought-sensitive inbred line TS141 had more changes in the seven traits than droughttolerant inbred lines Langhuang and Chang7-2 (Fig. 2) . The values of each trait were distributed normally under eight different watering conditions, with absolute values of skewness and kurtosis being <1.0 (Supplemental Table  S1 ). Table S2 ). The broadsense heritability for PH, EH, ASI, EW, CW, KW, and EL in LTpop and CTpop were predominantly high at 72.79 to 90.95% (Supplemental Table S2 ).
Correlation between Anthesis-Silking Interval and Other Agronomic Traits
Anthesis-silking interval is known to be an important drought adaptive mechanism in maize. As a result, the phenotypic and genetic correlations between ASI and other agronomic traits are of interest (Supplemental Table  S3 ). For phenotypic correlation in LTpop and CTpop, respectively, ASI showed significantly positive correlation to PH (0.56** and 0.42**), EH (0.42** and 0.40**), CW (0.52** and 0.44**), and EL (0.32** and 0.39**) and showed significantly negative correlation to EW (−0.47** and −0.42**) and KW (−0.14* and −0.12*). This finding indicated that the increase in the ASI occurred with a concomitant reduction in the EW and KW, and with a concomitant increase in CW, EL, PH, and EH. Thus, we speculate that the longer the growth time of vegetative organs (PH and EH) in maize entering the reproductive growth period, the further the ASI will be increased, which can also cause poor pollination and kernel set. Moreover, the photosynthates will supply the growth of CW and EL. Furthermore, for genetic correlation in LTpop and CTpop, respectively, ASI also showed significantly positive correlation to PH (0.50** and 0.42**), EH (0.57** and 0.43**), CW (0.59** and 0.47**), and EL (0.42** and 0.45**) and showed significantly negative correlation to EW (−0.54** and −0.47**) and KW (−0.22** and −0.16**). This finding suggested that the drought tolerance plasticity in maize is the result of the synergistic effect of multiple secondary traits. Thus, we can use corresponding secondary traits to reveal the drought tolerance mechanism in maize.
SSR Data Analysis and Genetic Map Construction
We developed genetic maps from the two corresponding F 2 populations for QTL mapping. In our study, we used 213 genome-wide polymorphic SSRs for genotyping the F 2 plants derived from Langhuang ´ TS141, of which 199 SSRs followed the expected 1:2:1 ratio via a c 2 test. The genetic map spanned a total length of 1542.5 cM with an average interval of 7.8 cM between markers ( Fig. 3) . Similarly, we used 217 genome-wide polymorphic SSRs for genotyping the F 2 individual derived from Chang7-2 ´ TS141, of which 205 SSRs fit the expected 1:2:1 ratio by a c 2 test. The genetic map was 1648.8 cM in length, with an average distance of 8.0 cM between markers (Fig. 4) . Most of markers on the two maps were consistent with bin locations in the IBM2 2008 Neighbors Map Frame 6 ( Jiao et al., 2017) .
Identification of QTLs for Seven Agronomic Traits
We identified 69 QTLs (8 for PH, 12 for EH, 9 for ASI, 13 for EW, 11 for CW, 7 for KW, and 9 for EL) across LTpop and CTpop under four experimental sites and two different watering conditions, which explained 4.0 to 17.2% of the phenotypic variation within each watering condition ( Fig. 3 and 4 , Supplemental Table S4 ). For Fig. 2 . The rate of changes of seven agronomic traits in three parents (Langhuang, Chang7-2, and TS141) and two F 2:3 populations (LTpop and CTpop) under water-stressed conditions compared with well-watered conditions. PH, plant height; EH, ear height; ASI, anthesis-silking interval; EW, ear weight; CW, cob weight; KW, 100-kernel weight; EL, ear length. Fig. 3 . Distribution of quantitative trait loci (QTLs) for seven agronomic traits (PH, plant height; EH, ear height; EW, ear weight; CW, cob weight; KW, 100-kernel weight; EL, ear length; ASI, anthesis-silking interval) on the genetic map of the LTpop under four different watering conditions: W-W, well-watered at Wuwei; S-W, water-stressed at Wuwei; W-Z, well-watered at Zhangye; S-Z, water-stressed at Zhangue. Ch., chromosome.
these identified QTLs, the QTLs for PH, EW, CW, and KW showed both additive and nonadditive (including partial dominance, dominance, overdominance) effects; however, the QTLs for EH, ASI, and EL only displayed nonadditive effects (Supplemental Fig. S1 ).
For the identified QTLs, we detected 52 QTLs (75.4%) under water-stressed conditions (Supplemental Table S4 ). In addition, we identified 21 sQTLs (one for PH, four for EH, two for ASI, five for EW, four for CW, two for KW, and three for EL) in one or two F 2:3 populations under multiple water-stressed conditions (Table  2) . Both sQTL3 and sQTL6 were commonly located in bin 4.09 (umc2287-umc2360), which had a pleiotropic effect on EH and ASI. sQTL9, sQTL14, and sQTL17 were commonly located in bins 1.07 to 1.09 (bnlg1025-mmc0041), which had a pleiotropic effect on EW, CW, and KW. sQTL10, sQTL15, sQTL18, and sQTL20 were commonly located in bin 4.08 (umc2041-umc2287), which had a pleiotropic effect on EW, CW, KW, and EL. sQTL12, sQTL16, and sQTL21 were commonly located in bins 9.04 to 9.06 (umc1120-umc2134), which had a pleiotropic effect on EW, CW, and EL.
Consensus Map Development and Meta-QTL Analysis
We constructed a consensus map across 26 collected original QTL studies to validate mQTLs for drought tolerance. We then predicted candidate genes in corresponding mQTL regions to lay the foundation for fine mapping and candidate gene cloning. For the 26 original QTL studies, the size of the mapping populations varied from 116 to 450 individuals. The map length of mapping populations ranged from 1146.0 to 4481.7 cM. We detected the 637 original QTLs for PH, EH, ASI, EW, CW, KW, EL, and GY in these 26 specific populations under 90 different watering conditions using four mapping approaches (Table 1) . These original QTLs were found on all 10 chromosomes except for CW. We developed the consensus linkage map using Fig. 4 . Distribution of quantitative trait loci (QTLs) for seven agronomic traits (PH, plant height; EH, ear height; EW, ear weight; CW, cob weight; KW, 100-kernel weight; EL, ear length; ASI, anthesis-silking interval) on the genetic map of the CTpop under four different watering conditions: W-G, well-watered at Gulang; S-G, water-stressed at Gulang; W-J, well-watered at Jingtai; S-J, water-stressed at Jingtai. Ch., chromosome.
BioMercator 4.2 with the IBM2 2008 Neighbors Map
Frame 6, which was composed of 678 markers and 7244.90 cM. We projected 407 of the 678 QTLs (63.9%) on this consensus map (Supplemental Fig. S2 ).
Using a meta-analysis, we identified 36 mQTLs on 10 chromosomes (Supplemental Fig. S2, Table 3 ). Remarkably, 14 mQTLs were found simultaneously in 21 sQTL regions. Furthermore, the corresponding 36 mQTLs were projected on the physical map B73 RefGen_v2 (Irizarry et al., 2003) , resulting in the identification of 39 candidate genes (Table 3) .
DISCUSSION
Drought tolerance is a complex quantitative trait in maize that is known to affect many agronomic traits. Some agronomic traits, namely, PH, EH, and ASI, have been used successfully as selection criteria with which to breed for drought tolerance of yield in maize (Lebreton et al., 1995; Welcker et al., 2007; Fu et al., 2008) . Several QTL studies on these agronomic traits have been detected to try to reveal molecular mechanisms responsible for drought tolerance (Lebreton et al., 1995; Agrama and Moussa, 1996; Wang and Zhang, 2008; Nikolic et al., 2011; Tan et al., 2011) . To further reveal the molecular mechanism for drought tolerance in maize, we identified QTLs for seven agronomic traits across two F 2:3 populations (LTpop and CTpop) under four water-stressed and four well-watered conditions investigated in this study. We identified 69 QTLs for PH, EH, ASI, EW, CW, KW, and EL in two F 2:3 populations (LTpop and CTpop). For the identified QTLs, PH, EW, CW, and KW had both additive and nonadditive effects. This study demonstrated that additive and nonadditive effects, as well as the general and specific combining abilities, should be used to improve these agronomic traits under both drought and nondrought stress. The QTLs for EH, ASI, and EL, however, had nonadditive effects. This result showed that more attention should be paid to the evaluation of cross combinations to make good use of qEL-Ch.9-1 9.04_9.06 umc1120-umc2134 6.45-11.88 † PH, plant height; EH, ear height; ASI, anthesis-silking interval; EW, ear weight; CW, cob weight; KW, 100-kernel weight; EL, ear length. ‡ W-W, well-watered condition at Wuwei; S-W, water-stressed condition at Wuwei; W-Z, well-watered condition at Zhangye; S-Z, water-stressed condition at Zhangye; W-G, well-watered condition at Gulang; S-G, water-stressed condition at Gulang; W-J, well-watered condition at Jingtai; S-J, water-stressed condition at Jingtai. § R 2 , phenotypic variance explained by the QTL. Table 3 . The meta-analysis of quantitative trait loci (QTLs) for plant height (PH), ear height (EH), anthesis-silking interval (ASI), ear weight (EW), cob weight (CW), 100-kernel weight (KW), ear length (EL), and grain yield (GY) in maize and candidate genes prediction in corresponding meta-QTLs (mQTLs) intervals under different watering environments. 
Contig
Candidate genes their prominent nonadditive effect and specific combining ability. Of the 69 QTLs, we identified 52 QTLs under corresponding water-stressed conditions. We validated a total of 21 sQTLs for these seven agronomic traits in one or two F 2:3 populations (LTpop and CTpop) under multiple water-stressed conditions. We noted that 6 of the 21 sQTLs were colocalized with a single trait in different genetic backgrounds, including, for example, sQTL1 for PH (bin 1.02, bnlg1451-umc1337), sQTL2 for EH (bin 4.06, bnlg1621a-umc2027), sQTL5 for EH (bin 7.02, umc1879-bnlg1200), sQTL7 for ASI (bin 7.01_7.02, mmc0162-bnlg1174a), sQTL11 for EW (bin 5.06_5.07, umc2216-umc1072) , and sQTL19 for EL (bin 2.05, bnlg1018-bnlg1909). Among the 21 sQTLs, 12 were pleiotropic loci that had colocated multiple traits related to drought tolerance. These traits were consistent with phenotypic correlations among traits. sQTL3 for EH and sQTL6 for ASI were commonly located in bin 4.09 (umc2287-umc2360), which agreed with the findings of Yang et al. (2008) . This result indicates that a pleiotropic QTL in the bin 4.09 region may play a role in plant development under drought-stressed conditions. sQTL9 for EW, sQTL14 for CW, and sQTL17 for KW were commonly located in bin 1.07_1.08 (bnlg1025-mmc0041); multiple QTLs for GY, CW, EL, and kernel number per row have been associated with bin 1.07 under drought and nondrought conditions (Ribaut et al., 1997; Upadyayula et al., 2006; Dai et al., 2009; Tan et al., 2011) . sQTL10 for EW, sQTL15 for CW, sQTL18 for KW, and sQTL20 for EL commonly were located in bin 4. 08_4.09 (umc2041-umc2287) , which is consistent with previous studies (Veldboom and Lee, 1994, Upadyayula et al., 2006; Tan et al., 2011) . sQTL12 for EW, sQTL16 for CW, and sQTL21 for EL were located in bin 9.04_9.06 (umc1120-umc2134). Lan et al. (2005) also detected one QTL for KW in this region. This finding implies that the bins 1.07, 4.08_4.09, and 9.04_9.06 may play a role in yield in both drought-stressed and optimal conditions. In addition, we detected three new sQTLs for EH (bin 6.05, umc2040-bnlg1174a), EW (bin 1.05, umc2025-umc1395), and CW (bin 1.01_1.03, umc2224-bnlg1484).
The projection of previously identified QTLs on a consensus map enabled us to identify the mQTLs, which we used to identify potential candidate genes on the B73 RefGen_v2 reference map.
Of the 39 candidate genes, on chromosome 1, we mapped SYP121 (syntaxin of plants 121), MYB31, and SPIRAL1 to mQTL1-1 (bin 1.00). We mapped cat2 (catalase 2) to mQTL1-2 (bin 1.01). We mapped gln6 (glutamine synthetase 6), hsp26 (heat shock protein 26), and hsp70 to mQTL1-3 (bin 1.02_1.03). We mapped hsp90 to mQTL1-4 (bin 1.05_1.06). We mapped MYB78, mdh4 (malate dehydrogenase 4), and hsp70 to mQTL1-5 (bin 1.08_1.09). We mapped gln2 and hsp70 to mQTL1-6 (bin 1.09_1.10). We mapped CK2 (casein kinase 2) to mQTL1-7 (bin 1.10_1.11). SYP121 has been shown to regulate cell membrane transport and stomatal control in Arabidopsis (Eisenach et al., 2012) . The transcription factors MYB31 and MYB78 have been implicated in maize drought tolerance (Agarwal et al., 2016) . SPIRAL1 plays a key role during salt stress in Arabidopsis . It has been shown that cat2 protects aerobic organisms from the toxic effects of hydrogen peroxide and other reactive oxygen species by converting hydrogen peroxide into water and oxygen (Guan et al., 1991) . Previous studies have shown that gln2 and gln6 improve salt tolerance in rice (Oryza sativa L.) (Han et al., 2004) , and that hsp26, hsp70, and hsp90 are involved in heat and drought stress in maize ( Johnson et al., 2014) . Li et al. (2005) showed that mdh4 is closely associated with drought tolerance, and Li and Liu (2009) reported that CK2 is generally involved in multiple abiotic stresses in plants.
On chromosome 2, we mapped mdh2 to mQTL2-1 (bin 2.02), which has a similar role as mdh4 in regulating drought tolerance . We mapped acc2 (acetylCoA carboxylase 2) to mQTL2-2 (bin 2.03_2.04), which is involved in multiple secondary metabolite pathways in synthetic substrates (Rawsthorne, 2002) .
On chromosome 3, we mapped kch4 (potassium channel 4) and ZmCKX1 (cytokinin dehydrogenase 1) to mQTL3-1 (bin 3.01_3.04) and mapped frk1 (potassium channel 4) to mQTL3-2 (bin 3.06). We mapped Zmhox2a to mQTL3-3 (bin 3.07) and mapped mdh3 to mQTL3-4 (bin 3.08_3.09). It has been shown that kch4 can improve multiple abiotic stress responses in plants (Si et al., 2010) . Previous studies have shown that ZmCKX1 maintains endogenous levels of cytokinins in plants by catalyzing oxidative degradation (Zalabák et al., 2014) , that frk1 could be closely associated with drought tolerance in maize , and that Zmhox2a is a homeobox gene that regulates embryo development and floral organ formation in maize (Klinge et al., 1996) .
On chromosome 4, we mapped su1 (sugary 1) to mQTL4-1 (bin 4.05), which has been shown to result in increased sucrose concentration and decreased concentration of amylopectin in maize ( James et al., 1995) . We mapped gln5 to mQTL4-2 (bin 4.06_4.07). We mapped ZmHCX1 to mQTL4-3 (bin 4.08), which is a CAX-like gene and controls cytosolic Ca(2+) concentrations in maize (Shigaki and Hirschi, 2000) . We mapped the H + -ATPase gene to mQTL4-4 (bin 4.09), which was previously reported by Li et al. (2005) .
On chromosome 5, we mapped hsp70 to mQTL5-1 (bin 5.02). We mapped pep7 (phosphoenolpyruvate carboxylase 7) to mQTL5-2 (bin 5.04). In this interval, identified one mQTL for GY and ASI, and a further mQTL analysis also validated pep7. We mapped cat1 (catalase 1) to mQTL5-3 (bin 5.05), which is similar to cat2 (catalase 2; Guan et al., 1991) . We mapped pep7 and ppp1 (pyrophosphate-energized proton pump 1) to mQTL5-4 (bin 5.07). It is known that ppp1 is one of the H + -ATPase genes that regulates stomatal opening and participates in response to environmental stress (Yang et al., 2006) .
On chromosome 6, we mapped mlip15 and pep7 genes to mQTL6-1 (bin 6.02_6.04). Kusano et al. (1995) showed that mlip15 is a low-temperature-induced gene that encodes a 135 amino acid bZIP protein. Transcript levels also significantly increased with salt stress and exogenous abscisic acid. We mapped pmg1 (phosphoglycerate mutase 1) to mQTL6-2 (bin 6.05), which was previously reported by Li et al. (2005) . We mapped hsp101 and APx1 (cytosolic ascorbate peroxidase 1) to mQTL6-3 (bin 6.07). It has been shown that the APx1 gene regulates cell redox signaling and enhances plant tolerance to abiotic stress (Li et al., 2013) .
On chromosome 7, we mapped the H + -ATPase gene to mQTL7-1 (bin 7.00_7.02). We mapped hsp70 and hsp90 to mQTL7-2 (bin 7.02_7.03). We mapped pep7 and E1 (ubiquitin activating enzyme 1) to mQTL7-3 (bin 7.03_7.04). These findings demonstrates that E1 is involved in multiple abiotic stress responses in plants .
On chromosome 8, we mapped the hsp18c and hsp70 genes to mQTL8-1 (bin 8.02_8.03). We mapped hsp70 to mQTL8-2 (bin 8.05). We mapped hsf2 (heat shock transcription factor 2) to mQTL8-3 (bin 8.08), which is a member of a vertebrate transcription factor family of heat shock proteins and is involved in the regulation of development and cellular differentiation in maize (El Fatimy et al., 2014) .
On chromosome 9, we mapped MAP2 (mitogen-activated protein kinase 2) to mQTL9-1 (bin 9.02), which is involved in a cascade that mediates the transmission of extracellular signals to downstream effector proteins by sequential phosphorylation in a signal transduction pathway during plant stress responses . We mapped hsp70 and hscf1 (heat shock complementing factor 1) to mQTL9-2 (bin 9.03_9.04). This finding shows that hscf1 can improve traits related to drought tolerance, as well as promote lateral root growth in maize (Zhang et al., 2014) . We mapped sod9 (superoxide dismutase [Cu-Zn] 4AP) and hsp18a to mQTL9-3 (bin 9.04_9.05). It has been shown that sod9 can cause oxidative stress in the root, stem, and leaves of maize (Kernodle and Scandalios, 1996) .
On chromosome 10, we mapped psk4 (phytosulfokine 4) to mQTL10-1 (bin 10.01_10.02), which is a novel peptide that has reported to be involved in plant growth regulation (Chen et al., 2005) . We mapped hsp70 to mQTL10-2 (bin 10.03) and mapped gln1 to mQTL10-3 (bin 10.06_10.07).
Taken together, in this study, we identified 36 mQTLs for PH, EH, ASI, EW, CW, KW, EL, and GY across 26 original populations via meta-analysis and validated 39 candidate genes in the mQTL regions. The systemlevel integration and reanalysis of fruitful QTL data will provide useful information for QTL cloning and breeding applications in future.
